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Abstract. Magnetization and M0ssbauer measurements on maghemite particles with an 
average particle diameter of 10 nm have been made in the temperature range from 5 K to 
353 K spanning the superparamagnetic (SPM) and stable single domain (SD) regimes. 
The maghemite particles were produced within the iron-storage protein ferdtin, resulting 
in a narrowly-sized, weakly interacting nanocomposite material called magnetoferritin. 
Experiments combining hysteresis measurements, low temperature remanence, and MOss- 
bauer spectroscopy were used to characterize magnetoferritin and to provide experimental 
estimates of (1) the pre-exponential frequency factor fo in the NOel-Arhennius relaxation 
equation; (2) the SPM threshold size at room temperature for maghemite; and (3) the SD 
value of H•/H• at 0 K. The frequency factor was determined from the difference in 
blocking temperatures measured by dc magnetization and M0ssbauer spectroscopy, 
yielding avalue of f0=109 Hz. This agrees well with the standard value and justifies the 
usually assumed superparamagnetic blocking condition of KV=25 kT for remanence 
measurements. The SPM threshold size at room temperature for remanence measurements 
was estimated to be 20-27 nm and the extrapolated SD value at 0 K for H•/H c is 1.32. 
The latter value is slightly larger than the theoretical value of 1.09 but may be more 
appropriate for weakly interacting SD particles commonly found in sediments and soils. 
However, fo for ferrimagnetic magnetoferritin s a factor of 103 lower than was 
determined previously for native ferritin, which contains antiferromagnetic ferrihydrite 
cores. The difference in fo values between the two varieties of ferritin is probably related 
to the two different types of magnetic spin ordering of the core minerals and suggests 
that the higher value off0 is more appropriate for antiferromagnetic minerals like 
hematite and goethite, whereas the lower value is more appropriate for ferrimagnefic 
minerals like maghemite, magnetite, or greigite. 
1. Introduction 
The theory of thermal activation in small, magnetically 
ordered grains developed by N•el [1949] continues to be one 
of the main theoretical foundations of rock magnetism 
[Stacey and Banerjee, 1974]. For example, N6el's theory 
provides the theoretical justification in paleomagnetism for 
interpreting characteristic directions in ancient rocks as 
primary magnetizations, for demagnetization techniques to 
remove secondary magnetizations, and for paleointensity 
methods [e.g., Dunlop, 1995]. In the original N6el model, 
each grain is considered to be a non interacting, uniformly 
magnetized single domain (SD) particle with an anisotropy 
energy barrier (AE0'separating stable states of magnefi- 
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zation. If the particle is small enough, AE B can become 
comparable to the thermal energy and thermal activation over 
tile energy barrier produces spontaneous changes in the 
direction of magnetization, resulting in magnetic relaxation 
phenomena such as superparamagnetism, agnetic viscosity, 
magnetic blocking, and thermoremanent magnetization [Ndel, 
1949; Bean and Livingston, 1959, Dunlop, 1973]. More 
recently, the identification of superparamagnetic (SPM) 
grains in a variety of sediments, soils, and submarine basalt 
glasses, or produced by bacteria [Moskowitz et al., 1989; 
Banerjee et al., 1993; Tarduno, 1995; Tauxe et al., 1996] has 
renewed interest in tile theory of superparamagnetism. 
In this paper, we present a study of the magnetic proper- 
ties of superparamagnetic maghemite (¾-Fe203) below 300 K. 
Narrowly sized (--10 nm) maghemite particles were produced 
within the iron-storage protein ferritin. Natural ferritin 
consists of a roughly spherical protein shell of 12 nm outer 
diameter surrounding an 8-nm-diameter cavity containing a 
core of the mineral ferrihydrite. The native ferrihydrite cores 
were removed from the protein cavity and replaced by cores 
of maghemite, yielding the nanocomposite magnetoferrifin 
[Meldrum et al., 1992]. The protein shell acts to keep the 
mineral soluble and the particles separated, reducing 
magnetic dipolar interaction effects. 
Experiments combining hysteresis measurements, low 
temperature remanence behavior, and MOssbauer spectro- 
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scopy were used to characterize magnetoferritin and to 
provide an experimental estimate of the NOel frequency 
factor f0 for the maghemite cores. This constant has been 
estimated to be in the range of 108-10 •3 Hz [Ndel, 1949; 
Brown, 1959] but is usually taken as !09 Hz [e.g., Moon and 
Merrill, 1988]. The frequency factor is an important para- 
meter in NOel's SD theory because it determines the time- 
scale for stability of remanence and sets the size limit for 
SPM behavior. Yet few experimental determinations of this 
constant for SD materials are available [e.g., McNab et al., 
1968; Xiao et al., 1986; Dickson et al., 1993]. Our approach 
follows the methods described by Dickson et al. [1993] for 
ferrihydrite cores in natural ferritin and by Xiao et al. [1986] 
for Fe-(SiO2) granular films. It combines magnetometry and 
MOssbauer spectroscopy to measure blocking temperatures 
at two different characteristic measuring times. Our results 
also provide an estimate of the SPM-SD transition size at 
room temperature for maghemite and the single domain value 
of 
2. Theory 
The switching or superparamagnetic relaxation time '• for 
magnetization reversal over an anisotropy barrier is given by 
the NOel-Arrhenius equation 
'r-' =f0 exp(-AE8/kT) (1) 
where k is the Boltzmann constant, T is the absolute temper- 
ature, and f0 is the preexponential frequency factor. For a 
Stoner-Wohlfarth particle with uniaxial anisotropy and the 
easy axis perfectly aligned with the applied field H, AEa--- 
IC•i+_H/Hst ]•, where K is the anisotropy constant, V is 
particle volume, and Hs:=2K/•oM , is the anisotropy field for 
coherent switching of magnetization [Stoner and Wohlfarth, 
1948]. In contrast o the exponential term in (1), the fre- 
quency factor f0, which is the subject of this paper, is weakly 
dependent upon temperature, anisotropy, and particle volume 
and is related to the natural gyromagnetic precessional fre- 
quency of dipole spins in an anisotropy field. At the blocking 
temperature To, the relaxation time in (1) equals the charac- 
teristic time t of the measurement, and particles become 
superparamagnetic. For a typical dc remanence measurement 
with t=-100 s and H=0, setting x=t in (1) gives the critical 
volume, V,•, for SPM behavior [Bean and Livingston, 1959] 
KV,• =kro ln(f00 (2) 
In most particle systems, including natural samples, there 
exists a distribution of particle volumes which leads to a 
distribution in blocking temperatures. The median blocking 
temperature is defined as the temperature at which half the 
particle volumes are in the SPM state and depends on the 
timescale of the measurement (e.g., dc remanence, ac suscep- 
tibility, or M0ssbauer spectroscopy). At temperatures above 
To, the magnetization curve for an assembly of identical, 
noninteracting SPM particles exhibits no remanence M r or 
coercivity H• and is given by the classical Langevin function 
M(T,H) =M,[coth(Pol•H/kT) - kT/popH] (3) 
where M, is the saturation magnetization, p is the dipole 
moment per particle (equal to VM,), and KV/kT<<i. Fitting 
isothermal M-H curves to (3), usually assuming a lognormal 
or uniform distribution of dipole moments, yields a mean 
SPM particle size and, together with an estimate of T o and 
(2), the effective anisotropy constant. 
Below To, particles are blocked and exhibit hysteresis with 
Hc and Mr depending on temperature and time. For a random 
assembly of uniaxial particles, the Stoner-Wohlfarth model 
can be used to show that the dependence of ban'ier height on 
the applied field is AEs=/C• l+.,J-I/H•c ]1.43, where the exponent 
in this expression ow differs from the standard value of 2 
for the special case when the easy axes are collinear with the 
field direction [Pfeiffer, 1990]. The measured Hc is the value 
of H which makes x=t in (1) and is given by 
/-/•(T,t) =/-/• 0[ 1 -(kTln(fot)/KV)ø'7l (4) 
where H•o--H•:/2 and is the mean coercivity at T=0 K. The 
bulk coercivity or the remanent coercivity H r can be used in 
(4) as a measure of the mean coercivity. Equation (4) is the 
basic equation of thermal fluctuation analysis [Dunlop, 1976] 
but modified to account for the random orientation of 
uniaxial easy axes. Experimental measurement of the temper- 
ature dependence of H• or Hr provides additional, indepen- 
dent estimates of V and K. 
3. Experimental Methods 
Magnetoferritin was prepared as previously described 
[Meldrum et al., 1992; Bulte et aL, 1994]. Repeated incre- 
ments of 115 Fe(II) ions per protein molecule, followed by 
stoichiometric amounts of oxidant, were added to the syn- 
thesis mixture to give a theoretical final loading of 2300 Fe 
atoms in each protein cavity. The synthesis was done at 65 ø- 
70øC over a period of 5.5 hours. 
Magnetoferritin suspensions were deposited on carbon- 
coated, Formvar-covered copper TEM grids. Bright field 
images and electron diffraction patterns were recorded. 
Particle size distributions were measured from enlarged 
micrographs. One hundred discrete particles and sixty 
particles contained within aggregated clusters were measured. 
Magnetization measurements were made in fields up to 
2.5 T in the temperature range from 5 to 300 K using a 
SQUID susceptometer (Quantum Design MPMS2). The 
magnetoferritin suspension was placed in a small plastic 
holder, and measurements were made either in the frozen 
state below 250 K or in the liquid state at 300 K. All 
measurements made in the solid state were done after the 
sample was frozen in zero field. 
MOssbauer spectra were obtained using an 57C0 in 
rhodium source and a conventional constant acceleration 
spectrometer. The variable low-temperature sample environ- 
ment was obtained using a continuous flow cryostat (Oxford 
Instruments Ltd., CF500) and temperature controller (Oxford 
Instruments Ltd., ITC4) with temperature measured using a 
calibrated carbon in glass resistance thermometer and an ac 
resistance bridge (Automatic Systems Laboratory). Applied 
magnetic field measurements up to 14 T were made using a 
superconducting magnet system with the field direction 
parallel to the gamma ray beam. 
4. Results 
4.1. Transmission Electron Microscopy (TEM) 
A transmission electron micrograph of unstained magneto- 
ferritin is shown in Figure 1. The images showed both 
discrete mineral cores and small aggregates of the protein 
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Figure 1. (a) Transmission electron micrograph of unstained magnetoferritin. (b) Particle size distribution 
plotted as a histogram showing core sizes for both discrete cores and particles associated with the 
aggregated material. The scale bar in Figure la represents 100 nm. 
nanoparticles. Native ferritin does not generally agglomerate 
during air drying onto TEM grids, suggesting that the 
biomimetic protein is susceptible to protein-protein 
aggregation. Electron diffraction confirmed a face-centered 
cubic phase, but it was not possible to distinguish between 
magnetite and maghemite. Up to seven reflections were 
usually seen in the electron diffraction patterns, which, 
considering the small particle size, indicates reasonably good 
crystallinity. Significant disorder in the cores would have 
resulted in as few as two lines in the patterns. 
Particle sizes were measured for both the discrete cores 
and for individual cores associated with the larger aggregates 
on the TEM grid. The former were approximately circular in 
projection and had dimensions within the range 3 to 7 nm, 
with a mean diameter of 6 nm and standard deviation (o) of 
1.0 nm (Figure lb). These nanoparticles are clearly 
associated with intact protein molecules and reside within the 
8-nm cavity of the supramolecular structure. By comparison, 
the maghemite particles present in the aggregated clusters 
were often irregular in shape and significantly larger and less 
monodispersed in size (Figure la). The mean size of the 
individual particles within the clusters was 10 nm (o=2.6 
nm), which is greater than the theoretical diameter of the 
protein cavity. Particles above 10 nm were irregular but 
mainly isotropic. Some may have octahedral outlines but 
were not very well defined at this small size. 
One possible explanation for this bimodal distribution of 
particles sizes is that the maghemite cores outgrow the 
protein cage by crystallization within the molecular channels 
that permeate the polypeptide shell. In addition, the protein 
could be partially damaged by relatively long-term exposure 
to high temperature during the synthesis procedure. 
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Alternatively, maghemite particles greater than 10 nm in size 
might originate from bulk precipitation, although much larger 
(micrometer) crystals were usually observed in control 
experiments undertaken without ferritin. 
4.2. Miissbauer Spectroscopy 
M0ssbauer spectra of the magnetoferritin sample obtained 
in magnetic fields up to 14 T were consistent with previous 
measurements of magnetoferritin samples that showed the 
mineral cores to consist of maghemite, ¾-Fe203 [Pankhurst et 
al., 1994; Dickson et al., 1997]. Spectra were also obtained 
in zero field over a wide range of temperature, and a repre- 
sentative selection is shown in Figure 2. The 4.2 K spectrum 
is essentially a magnetically split sextet with a magnetic 
hyperfine field of 51.5 T. This is slightly but significantly 
higher than the value of 50 T typically found in native 
ferritin [Boas and Window, 1966; Bell et al., 1984]. How- 
ever, the value is consistent with that observed for both 
magnetite and maghemite [e.g., Kundig and Hargrove, 1969; 
Pankhurst and Pollard, 1993], although the spectra do not 
show the degree of structure observed in the spectra of 
magnetite at this temperature. The lines of the magnetofer- 
ritin spectra show a significant degree of broadening and 
asymmetry, presumably due to the heterogeneity of iron sites, 
which might be expected in a material with a high surface to 
volume ratio. 
The highest emperature spectrum obtained was at 353 K. 
This shows a central slightly asymmetric quadrupole-split 
doublet (isomer shift of 0.27 mm/s and quadrupole splitting 
of 0.65 mm/s) and a collapsing magnetic sextet. The latter is 
due to the decreasing sublattice magnetization with increas- 
ing temperature. The native ferritin M/3ssbauer spectrum at 
temperatures above 50 K shows only a well-defined 
quadrupole-split doublet (isomer shift of 0.40 mm/s and 
quadrupole splitting of 0.68 mm/s at 200 K). Thus the 
spectra of magnetoferritin are significantly different from 
those of the native ferritin. 
The intermediate temperature spectra (e.g., the 200 K 
spectrum) show the coexistence of doublet and sextet spectral 
components which is typical of superparamagnetism. The 
full sextet hyperfine spectrum is observed in magnetically 
ordered materials when the atomic magnetic moments are 
fixed in space for a time of 5x10 '9 s or greater [e.g., Dickson 
et al., 1993]. A distribution of SPM blocking temperatures 
leads to characteristic temperature-dependent M0ssbauer 
spectra with the doublet (rapidly relaxing or unblocked) 
component growing at the expense of the sextet (slowly 
relaxing or blocked) component as the temperature is 
increased. This behavior is characterized by a median 
blocking temperature T o at which the sextet and doublet 
components are of equal spectral intensity. The percentage of 
the total spectral intensity associated with the sextet com- 
ponent as a function of temperature was determined by com- 
puter fitting the temperature spectra, and the results show 
two distinct blocking temperature components (Figure 3). 
The primary component occurs at Tb=300 K and is taken as 
the median blocking temperature, whereas a smaller secon- 
dary component occurs at Tb=60 K. As is shown below, the 
60 K and 300 K blocking temperatures are associated with 
the discrete cores and the aggregate clusters, respectively. 
These results are again very different from the value of 
T•=36 K obtained for native ferritin [Dickson et al., 1993]. 
Assuming that the particle sizes are comparable, at least for 
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Figure 2. The •7Fe M0ssbauer spectra of magnetoferritin 
obtained in a range of temperatures. 
the discrete cores, this suggests a very different magnetic 
anisotropy constant for magnetoferritin compared with native 
ferritin, reflecting the different composition of the mineral 
cores. 
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Figure 3. The temperature variation of the total spectral 
area intensity associated with the sextet component. The 
sextet and doublet areas were determined from computer fits 
to the variable temperature magnetoferritin spectra using two 
different approaches. Each data point is the average of the 
two different fits, and the error bar is the difference between 
the two results. 
4.3. Room Temperature Magnetization 
The field-dependent magnetization of magnetoferritin at
300 K is shown in Figure 4. At 300 K the magnetization 
saturates but shows no hysteresis, typical of pure SPM 
behavior. In the liquid state, the physical rotation of the 
particles into the field direction removes the effects of 
particle anisotropy on the equilibrium magnetization, thus 
fulfilling the requirement of KV/kT<<i for a Langevin 
particle. The 300 K magnetization data were fitted to the 
function 
x-- "ø (5) 
kT 
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Figure 4. Magnetization as a function of applied field at 
T=300 K. The solid line is the best fit line to equation (5) in 
the text. 
4.4. Low-Temperature Remanence 
Figure 5 shows the temperature decay of a 2.5 T satura- 
tion isothermal remanence (SIRM) given at 5 K normalized 
to the saturation magnetization at 5 K. These data illustrate 
classical SPM behavior with SIRM rapidly decreasing with 
increasing temperature as SD particles unblock and become 
SPM. The median blocking temperature, taken as the temper- 
ature where 50% of the remanence has decayed, is Tb= 18 K. 
Above 50 K, magnetization curves show no hysteresis, 
indicating that the maximum unblocking temperature for the 
dc measurement is 50 K. Also shown in Figure 5 are Mr/M , 
values obtained from hysteresis loops measured at various 
temperatures, howing that both types of measurements give 
nearly identical blocking temperature distributions. 
4.5. Initial Susceptibility 
The temperature dependence of magnetization while 
warming in a field of 1.5 mT is shown in Figure 6a. The 
zero field magnetization (ZFM) curve was measured after the 
in which the first term is obtained by integrating (2) using a 
uniform distribution of dipole moments from 0 to I-tm•, and 
the second term accounts for the diamagnetic/paramagnetic 
contribution from the water and plastic holder. The results 
give an mean magnetic moment (•/2) of 22,114 Bohr 
magnetons per magnetoferritin molecule. Since the core is 
maghemite with a saturation magnetization of 380 kA/m 
[Bate, 1980], the average magnetic moment corresponds to 
a spherical particle of 10.1 nm diameter, and I-tm• to a 
particle of 12.7 nm diameter. Fits using a single-moment or 
lognormal distribution of dipole moments produced similar 
results, suggesting a narrow moment distribution and, there- 
fore, a narrow particle volume distribution. The magnetic 
size of the core determined from (5) is larger than the 
average core size of the discrete cores (6_+1 nm) obtained by 
TEM but consistent with the average size of the particles in 
the aggregated material (10_+2.6 nm). This suggests that the 
aggregated material dominates the magnetic behavior at room 
temperature. From the measured saturation magnetization of 
the sample, the volume concentration of magnetic material in 
our sample was 0.16%. 
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Figure 5. Temperature d cay of a 2.5 T saturation remanent 
magnetization given at 5 K. The SIRM is normalized by the 
saturation magnetization at 5 K. The solid circles are value 
of M•/M, determined from hysteresis loops at selected 
temperatures. 
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Figure 6. (a) The temperature variation of zero-field 
magnetization (ZFM) and field-cooled magnetization (FCM) 
normalized by M, at 5 K. (b) The temperature variation of 
the initial dc volume susceptibility (H=l.5 mT) obtained 
from the ZFM data. The solid line is the best fit to equation 
(6) in the text. 
sample was cooled in zero field (--0.01 mT) from 240 to 5 
K, whereas the field cooled magnetization (FCM) curve was 
measured after a 1.5 mT field was applied during cooling. In 
low field, the ZFM curve is proportional to the initial dc 
susceptibility (zi=AMhU-/, H->O). The peak in the ZFM 
curve at 70 K is related to the mean blocking temperature of
the system and occurs because as the temperature is increas- 
ed, particles which are initially SD progressively unblock and 
align their moments with the applied field until, as tempera- 
ture increases further, thermal energy randomizes the induced 
magnetization of the unblocked particles [e.g., Chantrell et 
al., 1991]. In contrast, the FCM curve shows only the 
demagnetization of blocked particles because the magnetiza- 
tion was already aligned with the field direction during 
cooling through 
Theoretically, the peak temperature for noninteracting 
particles is an effective blocking temperature which equals 
[3T b, where the constant [3 depends on the form of the 
particle size distribution with [3=1 for a monodispersed 
distribution and [3=2 for uniform or lognormal distributions 
[Gittleman et al., 1974]. For [5=2, the ZFM data give T0=35 
K, which is a factor of 2 higher than the blocking tempera- 
ture determined from the decay of SIRM. 
At temperatures above the blocking temperature, the ZFM 
and FCM curves merge as expected in accordance with 
classical Langevin theory. For magnetically interacting SPM 
particles, Zi above Tb usually follows a Curie-Weiss law 
Z,o• (6) 
r-r o 
where To is an ordering temperature and is usually inter- 
preted as a measure of the strength of particle interactions in 
the system. Figure 6b shows l/gi versus temperature. 
Although the data deviate from a simple Curie-Weiss law 
(partly because of the dependence of it on temperature), a 
reasonably inear section is observed for temperatures greater 
than 120 K, the temperature above which the FCM and ZFM 
curves merge. The fit to (6) in this temperature range yields 
a near-zero intercept on the l/zi axis, suggesting that inter- 
particle interactions are weak within this temperature ange. 
4.6. Magnetostatic Interactions 
Evidence for magnetostatic interactions below the blocking 
temperature in our magnetoferritin sample was obtained from 
the isothermal remanent magnetization (Ir (H)) and the dc 
demagnetization remanence (It (H)) curves. In the absence of 
interaction, the remanence curves are related through the 
Wohlfarth equation: I d (H)=l-21 r (H) [Wohlfarth, 1958]. 
Remanence curves measured at 5 K starting from an initially 
thermally demagnetized state are shown in Figure 7. The 
thermally demagnetized state was obtained after the sample 
had been cooled from 300 K through the blocking tempera- 
ture in zero field. In Figure 7a the remanence curves are 
plotted in normalized form as a function of applied field and 
have a crossover point at a value of 0.43. In Figure 7b the 
remanence data are plotted as a Henkel plot [Henkel, 1964] 
according to the Wohlfarth equation with the field value as 
the matching variable. A crossover point different from 0.5 
or nonlinearity in the Henkel plot is usually attributed to 
interparticle dipolar interactions in fine particle systems 
[Cisowsla', 1981; Spratt et al., 1988]. The results in Fig. 7 
indicate that the interactions are demagnetizing or antiferro- 
magnetic-like. However, the Henkel plot shows that high- 
field remanences near saturation (Ir (H)/SIRM>0.9) merge 
with the Wohlfarth line, suggesting that SIRM measurements 
are not affected by interactions. 
In our sample, as with other dilute fine particle systems, 
the interactions are probably related to the formation of 
particle aggregates, like those observed with TEM (see 
Figure 1). Magnetic interactions can increase the observed 
blocking temperature determined from susceptibility measure- 
ments because of the dependence of To on the height of the 
energy barrier for magnetization reversal [E1-Hilo et al., 
1992]. Even though the ordering temperature determined 
from the high-temperature ZFM data is near zero and the 
volume concentration is low (0.16%), magnetic interactions 
presumably within the aggregated clusters are still sufficient 
to cause an anomalous increase in the observed blocking 
temperature obtained from susceptibility measurements. 
However, T o calculated from the decay of high-field 
saturation remanence (Figure 5) rather than from low-field 
initial susceptibility (Figure 6) is less affected by interactions 
and therefore represents a true median blocking temperature, 
not an effective one [Chantrell et al., 1991]. This is consis- 
tent with the results from the Henkel plot (Figure 7b). 
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Figure 7. (a) Normalized IRM acquisition and dc demag- 
netization of SIRM measured at 5 K. IRM curves are 
normalized to the maximum SIRM. Reversed-field demag- 
netization curve is rescaled as IA(I+IRM(-H)/SIRM). The 
crossover point occurs at R=0.43. (b) A Henkel plot 
measured at 5 K with I• (H)/SIRM= normalized IRM acqui- 
sition curve and la(H)/SIRM=normalized dc demagnetization 
curve. The straight solid line is the theoretical Wohlfarth 
equation for noninteracting systems. 
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Figure 8. Magnetization as a function of applied field at 
T=5K. 
16% of the particle distribution is still SPM with blocking 
temperatures less than 5 K. (The SPM fraction was determin- 
ed from the Mr/M, ratio using the relationship 1-2Mr/M,.) 
From the powerlaw fit on the Day plot (Figure 9), the SD 
value of H r/H c which corresponds to Mr/M,=0.5 is 1.32, 
slightly higher than the theoretical value of 1.09 for 
randomly oriented uniaxial SD particles [Joffe and 
Heuberger, 1974]. A similar value for Hr/H c was obtained 
for a magnetite ferrofluid by SOffge and Schrnidbauer [ 1981] 
with a volume concentration approximately 10 times larger 
than in our sample. 
Although the ferritin protein cage is nearly spherical and 
would seem to impose a multiaxial magnetocrystalline anisot- 
ropy on the maghemite core, a uniaxial anisotropy can still 
develop in these and other nanosized magnetic particles for 
several reasons. For example, the irregular shapes of particles 
in the aggregated material as seen by TEM are a likely 
source of uniaxial shape anisotropy. Residual stresses from 
cation vacancy disorder in maghemite can yield a uniaxial 
stress anisotropy. Also, surface effects from the reduced size 
of our particles, the larger fraction of surface atoms, and the 
4.7. Magnetization Below the Blocking Temperature 
Magnetic behavior below 50 K exhibits hysteresis [Gider 
et al., 1996] as shown in Figure 8. A Day plot of M r/M, and 
Hr/H c for hysteresis parameters [Day et al., 1977] measured 
between 5 and 50 K shows a typical power law dependence 
(Figure 9). The power law dependence results from the 
change in the proportion of SD and SPM grains as increasing 
temperature progressively unblocks the SD fraction. The loop 
shapes do not display constricted or potbellied behavior, even 
at the highest temperature where hysteresis is still observed. 
This suggests that either just a very small fraction of SD 
grains or magnetostatic interactions is sufficient to produce 
a "normal" SD loop shape [Tauxe et al. 1996]. 
The value of M•/M, at 5 K is 0.42 and the extrapolated 
value at T=0 K is nearly 0.5, the theoretical value for a 
randomly oriented assemblage of Stoner-Wohlfarth particles 
with uniaxial anisotropy. However, even at 5 K, the observed 
M•/M, ratio is significantly less than 0.5 and indicates that 
1.00 
0.10 
= )-1.21 
•5,•5 Mr•s 0'70(Hr•c 
20 
25 
30 
35 
! 
Hr/Hc 
Figure 9. Bilogarithmic Day plot of Mr/M , versus Hr/H ½. 
The solid line is the best fit to the equation Mr/M,=a(Hr/H½) t' 
with a=0.70 and b=-l.21. The numbers next to each data 
point is the measurement temperature (kelvins). 
22,678 MOSKOWITZ ET AL.' DETERMINATION OF f0 FOR MAGHEMITE 
600 
500 
400 
300 
200 
lOO 
o 
o 
Figure 10. Coercivity (H c) and coercivity of remanence (Hr) 
plotted as a function of T ø'7. Solid lines are the best fit lines 
to equation (4) in the text for data below 25 K (represented 
by solid symbols). 
heterogeneity of the iron sites at the inorganic-organic nter- 
face can give rise to surface anisotropy that can lower the 
symmetry of the intrinsic, cubic anisotropy. It is likely that 
a combination of all these factors produces the uniaxial 
anisotropy in the magnetoferritin particles. 
4.8. Thermal Fluctuation Analysis 
The temperature dependence of H c and H r are plotted in 
Figure 10 as a function of T ø'7 following (4) [Dunlop, 1976; 
Pfeiffer, 1990]. Both coercivity parameters were used to 
provide estimates of the anisotropy field. The mean coer- 
civity (He0 or Hro) and <V> were calculated from the inter- 
cepts and slopes of the best-fitting lines through the data for 
temperatures below 25 K (=Tb), assuming that both the 
anisotropy field (H•c) and M, are constant within this temper- 
ature range and that M,=420 kA/m at T=0 K [Bate, 1980]. 
The resulting fit to (4) yields 
d= 10.3 nm and Hc0=39.6 mT 
d=10.4 nm and Hro=56.6 mT 
The average particle sizes calculated from both coercivity 
sets are nearly identical and are approximately the same as 
the estimate obtained from the Langevin fit of the magneti- 
zation data at 300 K. Like the room temperature results, 
hysteresis behavior above 5 K is dominated by the aggre- 
gated material. From the mean coercivities calculated from 
the intercepts in Figure 10, the anisotropy constant can be 
determined from H a, Hro =K/M,, yielding values of 1.7x104 
J/m 3 and 2.4x104 J/m 3 from the Hc and Hr data, respectively. 
Although there are no data for the magnetocrystalline anisot- 
ropy constant for maghemite at low temperatures, the calcu- 
lated anisotropy constants are larger than the bulk value of 
K• at 300 K (K•=0.45x104 J/m 3 [Bate, 1980]). This, together 
with the experimental value of Mr/M•0.5 at 5 K, confirms 
that a uniaxial-type anisotropy makes the most important 
contribution to the anisotropy of the magnetoferritin. Finally, 
the ratio of the two anisotropy fields is 1.43, which is similar 
to the value obtained from the extrapolated Hr/H, ratio from 
the Day plot and higher than the theoretical value of 1.09. 
4.9. Calculation of the Frequency Factor 
The frequency factor f0 can be obtained directly from (1) 
following the procedure given by Dickson et al. [1993 ]. This 
method uses the observed difference in median blocking 
temperatures obtained from SIRM (Tb2= 18 K) and M0ssbauer 
(T•=300_+10 K) data measured on the same sample, which 
is a consequence of the difference in the characteristic 
measurement ime-scales between the two techniques. We 
also assume that the effects of interactions on T• are 
negligible for both SIRM and M0ssbauer measurements, 
even though both sets of measurements provide median 
blocking temperatures for the aggregated clusters. From (1), 
f0 is given by 
fo = [(tl)l¾(t2 )al'/(a-I•) (7) 
where •=rt,2/r•l=O.06, Ot=AE2/AE •, and the subscripts 1 and 
2 refer to the M0ssbauer and magnetization measurements, 
respectively. By setting tl=5X10 '9 s and t2=100 s, and 
assuming that the mean anisotropy barrier is the same for 
both measurements (ix= 1), f0=9.1x10 sHz. 
The mean energy barriers sampled by the two experiment- 
al techniques may not necessarily be the same but could 
differ slightly as a result of temperature-dependent a isotropy 
or dipolar interaction effects (c•>l). If we decrease or 
increase tz from unity by 10% in order to take into account 
any differences between the energy barriers sampled by the 
two techniques, f0 changes only marginally to 7.9x10 s Hz 
(tz=l.1) or 10.8 x10 s Hz (ix=0.9). A slightly larger variation 
in f0 occurs if we change the characteristic M0ssbauer time 
(t2) used in the calculation. For example, if t2 equals 10 's s 
or 10 '9 s, then f0 becomes 4.3x10 s Hz or 50x10 s Hz, 
respectively. 
The calculated value off0--109 Hz for the maghemite cores 
in magnetoferritin agrees well with f0=l.lx109 Hz for 
magnetite based only on M0ssbauer data [McNab et al., 
1968]. However, our value for magnetoferritin is a factor of 
103 lower than f0 determined for native ferritin using 
measurement techniques identical to those in the present 
study [Dickson et al., 1993]. The effects of interparticle 
interactions in magnetoferritin cannot be the explanation for 
this difference because interactions will make the calculated 
f0 closer in magnitude to the value in native ferritin for the 
following reason. Interactions tend to increase the blocking 
temperature and anisotropy energy determined by the mag- 
netization measurements, making both ct and [3 anomalously 
higher. The combined effect would then make the calculated 
value of f0 higher than what would be expected for a non- 
interacting system. It is unlikely that dipolar interactions are 
significant in native ferritin because of the much lower 
particle magnetization f the antiferromagnetic core. A pos- 
sible xplanation for the difference inthe values off0 may be 
related to the different types of magnetic spin ordering and 
anisotropy of the core materials in the two varieties of 
ferritin: ferrimagnetic in magnetoferritin a d antiferromag- 
netic with uncompensated surface spins in native ferritin. 
4.10. Superparamagnetic-Single Domain Transition 
Size at 5 and 300 K 
Using our value for f0, the mean particle size obtained 
from the room temperature magnetization data (Figure 4), 
and Tb2 from the decay of low temperature r manence 
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(Figure 5), the anisotropy constant can be determined from 
(2) to be 1.2x104 J/m 3. This value for K is less than that 
estimated from thermal fluctuation analysis (Figure 10), but 
this is to be expected. Thermal fluctuation analysis is 
sensitive to particles with the largest V and Hg whose 
blocking temperatures have not been exceeded and excludes 
the finest SPM particles which make up about 16% of the 
smnple at 5 K. By contrast, the thermal decay of SIRM 
provides averages within the blocking temperature range in 
which half of the particles have already unblocked. Addition- 
ally, some amount of disagreement is expected because the 
two different measurement echniques provide different 
measures of the central tendencies of the volume-anisotropy 
distributions. For instance, the decay of SIRM gives the 
median value of anisotropy, whereas thermal fluctuation 
analysis gives the mean value. In an asymmetric distribution 
skewed towards the right, such as the distribution of observ- 
ed particle diameters (Figure 1) or the distribution of the 
intrinsic Stoner-Wohlfarth anisotropy fields for random easy 
axes, the mean will be less than the median as is experiment- 
ally observed. For the purposes of our calculations, the 
simplest approximation is to assume that K= 1.2-2.4xl 04 J/m 3 
and that both sets of experiments give a measure of the 
variation in K. 
Once the anisotropy constant is known for our particle 
size distribution, the SPM transition size can be estimated at 
any temperature from (2) assuming that K is due to shape 
anisotropy and varies with temperature asM, 2. Alternatively, 
if K is due to stress anisotropy, its temperature dependence 
would be proportional to the magnetostriction constant and 
would likely vary less strongly with temperature than shape 
anisotropy between 5 and 300 K. However, the temperature 
dependence of magnetostriction in maghemite within the 
investigated temperature range is unknown; thus it will 
assumed to be independent of temperature. It is also assumed 
that K is independent of particle size and would be the same 
for particles with the same shape but with sizes greater than 
the largest sized particles in our distribution. This assumption 
is valid as long as there is no significant surface anisotropy 
in the magnetoferritin particles. 
Regardless of the particular method used to obtain the 
estimate of K and its temperature dependence, the extrapo- 
lated SPM transition size at 300 K using the extreme limits 
for the anisotropy constant is within a narrow size range of 
20-27 nm. This SPM transition size agrees well with room 
temperature frequency-dependent susceptibility measurements 
obtained from sized, synthetic maghemite samples between 
12 and 50 nm [Dearing et al., 1996], where a pronounced 
frequency dependence in susceptibility, characteristic of SPM 
particles, was observed only in particle sizes below 31 nm. 
In contrast, micromagnetic calculations by Lyberatos and 
Chantrell [1990] predicted the SPM transition size at room 
temperature for maghemite with cubic magnetocrystalline 
anisotropy to be 42 nm (for a sphere with the same volume 
as the cube used in their model), significantly higher than the 
experimentally determined value for magnetoferritin. The 
difference is readily explained by the higher uniaxial anisot- 
ropy in the magnetoferritin particles compared to the bulk 
magnetocrystalline anisotropy of maghemite used in the 
numerical model. 
The SPM transition size associated with the lower 
blocking temperature component (--60 K) deduced from the 
M0ssbauer measurements in Figure 3 can be estimated using 
the blocking condition KV=i.6kTb and the estimated values 
of K. This gives a blocking diameter of 4.8-6.1 nm, which is 
indistinguishable from the average size of the discrete 
particles (6+1 nm) obtained by TEM. Similarly, the blocking 
temperature for a 4.8 to 6.1 nm-sized particle for a dc 
measurement is --4 K. This is consistent with the SIRM and 
hysteresis measurements hat show that a significant fraction 
(16%) of the particles are still superparamagnetic at 5 K. 
5. Discussion and Conclusions 
A magnetic and M0ssbauer study of magnetoferritin was 
carried out over a temperature range from 5 to 350 K. 
Several different types of magnetization measurements show 
that the magnetoferritin sample is a weakly interacting 
suspension of SPM particles of maghemite with a median 
blocking temperature of 18 K and a magnetic particle size of 
10.1 nm. The mean magnetic particle size is larger than the 
average core size of the discrete ferritin cores (6_+1 nm) 
measured with TEM but consistent with the mean size of the 
particles within the aggregated clusters of ferritin 
nanoparticles (10_+2.6 nm). 
Our main conclusions are the following: 
1. The nanoparticles residing within the intact protein 
cavity of magnetoferritin are superparamagnetic over dc 
measurement time scales at all temperatures above 5 K. This 
means that remanence and hysteresis behavior above 5 K 
must be associated with the larger-sized particles associated 
with the aggregated material. 
2. The preexponential frequency factor f0 in the N6el 
relaxation equation was determined from the difference in 
blocking temperatures measured by dc magnetization and 
M0ssbauer spectroscopy. The value obtained was f0--10 9Hz, 
which is in agreement with the order-of-magnitude theore- 
tical estimates of N6el and Brown and is the standard value 
used in most fine-particle magnetism studies including rock 
magnetism. This value also justifies the usual SPM blocking 
condition for dc magnetic measurements obtained from (2) 
as KV=25kT. 
3. If the observed experimental difference in f0 between 
magnetoferritin and native ferritin is related to the type of 
magnetic ordering of the core mineral, then the higher value 
of f0=10 '2 Hz obtained for the ferrihydrite cores in native 
ferritin [Dickson et al., 1993] may be more appropriate for 
antiferromagnetic materials like hematite and goethite. For 
these minerals, the SPM blocking condition then becomes 
KV=32kT. 
4. The superparamagnetic threshold size at room 
temperature for maghemite for a dc magnetization 
measurement was estimated to be 20-27 nm. The effects of 
interactions within the aggregate clusters may make the 
calculated SPM threshold size somewhat lower than would 
be expected if the clusters were not interacting because of 
the increase in blocking temperature produced by particle 
interactions. Nevertheless, weakly interacting magnetoferritin 
may be a good analogue for maghemite particles in soils, 
which do show various degrees of magnetic interactions 
[e.g., Maher and Taylor, 1988]. 
5. The extrapolated $D value at 0 K for Hr/Hc is 1.32. 
This value is larger than the theoretical value of 1.09 (also 
at 0 K) for a Stoner-Wohlfarth particle with uniaxial 
anisotropy. The experimental value of Hr/He may be more 
appropriate for weakly interacting systems. 
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